Objective: In previous studies, we showed an altered overnight decrease of non-rapideye-movement (NREM) sleep slow waves in children with encephalopathy related to status epilepticus during sleep (ESES). Here, we test the hypothesis that these alterations renormalize after remission of ESES. Because overnight decrease of slow waves has been linked to brain recovery and cognition, we investigate whether cognitive outcome is related to overnight changes of slow waves. Methods: We performed a retrospective analysis of longitudinal overnight electroencephalography (EEG) in 10 patients with idiopathic ESES. Automated slow wave detection and calculation of slope of slow waves during the first and last hour of NREM sleep were employed. Intraindividual comparisons were undertaken of the slope during active phase and after remission of ESES, and between patients after remission of ESES and healthy controls. Explorative analysis of the relationship between slow wave slope and cognitive outcome was performed. Results: The slope of slow waves did not decrease significantly across the night during active ESES, particularly at the spike focus. After remission of ESES, the slope decreased significantly overnight. Compared to controls, there was no difference in overnight slope decrease. Association between slope and neuropsychological outcome showed best cognitive outcome after remission in those children (n = 3) who showed some degree of slope decline during active ESES. Significance: This study provides evidence that alterations of overnight changes of NREM-sleep slow waves during active ESES are reversible when ESES resolves, and that the severity of neuropsychological compromise might be related to the extent of slow wave impairment during ESES. Our findings suggest that analysis of slow waves might serve as a prognostic factor regarding cognitive outcome. ESES may serve as disease model of pathologic slow wave sleep and our results might be expanded to epilepsies with spike wave activation in slow wave sleep not only in children but also in adults.
Encephalopathy with status epilepticus during slow sleep (ESES) is an age-related, self-limiting epileptic encephalopathy with various seizure types, global or selective cognitive regression, behavioral disturbances, and an electroencephalography (EEG) pattern characterized by continuous/subcontinuous epileptic activity during nonrapid-eye-movement (NREM) sleep, that is, status epilepticus during sleep (SES), which can last for months or years.
1,2 Landau-Kleffner syndrome (LKS) has recently been encompassed in the clinical spectrum of ESES. [2] [3] [4] [5] Despite the favorable long-term prognosis of the epilepsy and EEG normalization, the cognitive deficits and behavioral disturbances may persist for life. A link between SES and severe neuropsychological and behavioral disturbances has been proposed; 6 however, the underlying pathophysiologic mechanisms have been poorly elucidated. Exaggerated epileptic activity during sleep has been hypothesized to interfere with sleep-related neuroplasticity processes involved in higher cortical functions (such as learning and memory). 7 Indeed, several studies support a role of sleep in remodeling of neuronal networks mediating cognitive performances and behavior, particularly in children. [8] [9] [10] [11] Sleep slow waves (SSWs; <4 Hz), generated by the (near) synchronous alternation of activity (depolarization) and silence (hyperpolarization) of cortical neuronal networks 12 are an EEG hallmark of deep NREM sleep. 13 The slope of SSW and degree of neuronal synchrony within a network are tightly related, with steeper SSW reflecting higher neuronal synchrony. 12 Because neuronal synchrony is highly dependent on synaptic strength within the neuronal network that generates the oscillations, the SSW slope may serve as a measure of not only network synchrony but also indirectly of synaptic strength. The synaptic homeostasis hypothesis (SHY) proposes that synaptic strength increases within neuronal networks during wakefulness (e.g., due to learning processes) and is renormalized or downscaled during sleep. Synaptic downscaling goes along with a decrease in network synchrony, 12, 14 and, in the EEG, with a decline of the SSW slope. 15, 16 Experimental evidence has suggested that synaptic downscaling as the counterpart of synaptic potentiation, is important to keep the cerebral network efficient. This neuronal recuperation is linked to memory consolidation and cognitive performance. 14 We have previously reported a spike-dependent impairment of overnight slope decline of SSW in ESES, 17, 18 proposing that this may underlie disturbances of memory consolidation and neuropsychological deterioration in ESES patients. Recently, reduced overnight slope decline of SSW was related to poorer learning during wakefulness in adult patients with epilepsy. 10 In this study, we aimed to investigate whether remission of ESES was associated with improvement of the impaired overnight slope decline of SSW observed during active ESES and whether the degree of SSW impairment may correlate with the severity and recovery of cognitive deterioration.
Materials and Methods

Subjects
Ten patients (six male) with idiopathic ESES were selected from the database of the Danish Epilepsy Centre in Dianalund (Denmark) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) .
Inclusion criteria:
• At least one overnight EEG during active phase of ESES • Spike wave index (SWI) >50% during NREM sleep and <10% during wakefulness (active phase of ESES)
• • Tonic seizures during sleep (since they have never been reported in ESES, at variance with other epileptic conditions with learning disabilities and enhanced epileptic discharges during sleep) 2 • Treatment with corticosteroids or clobazam (the benzodiazepine commonly used in ESES) at the time of the EEG recordings, since these drugs reduce SSW sleep, 19, 20 in particular, the slope of SSW (corticosteroids 21 ) and the SSW amplitude and power (benzodiazepines 22 
)
In all patients, the analyses were performed on the overnight EEG recordings with the highest SWI during active ESES. The study was approved by the local ethics committee.
Healthy control subjects (age within AE 1 years of patients at time of remission of ESES) were analyzed from previous studies.
EEG recordings and preprocessing
Scalp EEG by using 19 EEG electrodes according to the 10-20/10-10 system and electrooculography (EOG) were recorded. EEG studies without spikes were scored according to standard criteria (American Academy of Sleep Medicine 2007). 26 During active ESES, because of the extremely altered sleep-EEG pattern, sleep-stage scoring was performed as in previous studies, 17, 18 with only the stages "wakefulness," "NREM sleep," and "REM-like" being assigned. Epochs with artifacts were excluded. After sleep staging, semi-automatic artifact rejection was performed as reported previously 27 (see Data S1).
EEG analyses
Epileptic focus and SWI The EEG focus was assessed by two neurophysiologists who, after having independently scored the EEG recordings, agreed on focus location. Recognizing that the EEG focus is only an approximation of the anatomic substrate, we call the assigned electrodes "epileptic focus" for practical reasons. Computation of the SWI was performed only by using semiautomated spike search based on template matching, 28 the reliability of which in comparison to visual scoring was previously tested at the Danish Epilepsy Center. In our study, we refer to the mean SWI during NREM sleep over the overnight EEG recordings. 28 (Further details are provided in Data S1.)
SSW detection
Individual SSWs (0.5-2 Hz) during NREM sleep were detected automatically for each channel with a version of a previously published algorithm 15 ; slow waves that were part of spike wave complexes were excluded from the analysis 18 (see Data S1).
Calculation of slope of SSWs
The slopes of the selected SSWs were calculated as the amplitude of the negative peak divided by the time interval between the negative peak and the next zero-crossing, that is, ascending slope. 17, 18 To take into account the variability of amplitudes of individual waves, we calculated the slope at a given amplitude of 75 lV 17 in the following called "slope." The mean slope was calculated for each electrode separately for the first and the last hour of NREM sleep. The relative overnight change of the slope was calculated as last hour minus first hour divided by first hour ((LH-FH)/FH) for each EEG channel.
Clinical data
Clinical data were obtained from medical charts. Because our (idiopathic) patients were normally developing children until ESES onset, they were not tested before. After ESES onset, longitudinal neuropsychological evaluations were performed in 9 of 10 (all but patient 8) children with a partially standardized protocol; when a formal neuropsychological evaluation was not possible due to cognitive deterioration and/or lack of cooperation, the assessment of cognitive impairment was based on clinical evaluation, parental reports and school performances. Cognitive outcome after ESES remission was assessed clinically (from physicians and school evaluations), and in patient 10 also with neuropsychological tests. We classified the cognitive sequelae after remission of ESES in three levels: "normal cognition," "minor cognitive sequelae," not impairing everyday life, and "major neuropsychological deficits," consisting of overt learning and behavioral problems.
Statistical analysis
For patients, we compared mean slopes across all electrodes, across the electrodes of the "epileptic focus," and across the electrodes "outside" the focus. For healthy control participants, the relative overnight change of the slope was calculated across all electrodes.
After applying tests of normal distribution, paired Student's t-tests were performed for within-subject comparisons and independent samples t-test for the comparisons of the relative overnight change of slope between EEG findings after ESES remission and control EEG findings.
To explore how the age at the first assessment and the time between the two measurements may be related to the difference in the slopes, correlations between these variables were calculated. In addition, the correlations between age at ESES remission (in patients) and age in control EEG studies and the slopes were calculated. All analyses were performed with the software packages MATLAB and SPSS 22.0. A significance level was set at p < 0.05. The associations between cognitive status and sleep parameters during ESES and after remission of ESES were investigated in an exploratory approach, as no quantitative statistics were employed due to limited sample size.
Results
Subjects' and EEG characteristics
Ages of patients ranged between 4.08 and 11.58 years (mean 8.60, standard deviation [SD] 2.18) at the time of most active ESES. After ESES remission, ages ranged between 7.50 and 17.0 years (mean 11.80, SD 2.41). The 39 healthy controls (27 female) were between 7.04 and 16.92 years (mean 12.73, SD 2.58).
Clinical characteristics of the patients are summarized in Table 1 . During active ESES, valproic acid, levetiracetam, sulthiame, carbamazepine, and lamotrigine were used. All antiepileptic drugs (AEDs) except lamotrigine were also used after ESES remission.
Mean SWI in patients during the active phase of ESES was 85.1% (range 65-97%, Table 1 ). The minimal number of analyzed SSWs in a single channel was 70. Counts of analyzed SSW are provided in Table S1 . Sleep efficiencythe percentage of time asleep from the first to the last sleep epoch-was above 88% in all nights for patients and controls. All subjects were awake for <1 h between falling asleep and awakening in the morning.
Slope during active ESES During active phase of ESES, mean slope across all electrodes in the first hour (mean 349.5, SD 30.3 lV/s, 95% confidence interval [CI] 327.8-371.2) and in the last hour (mean 336.3, SD 25.6 lV/s, 95% CI 318.0-354.7) were not significantly different (p = 0.06). Separate investigation of "focus" and "remaining" electrodes ( Fig. 1 on the left) revealed that the slope in the "focus" electrodes was not significantly different between the first and the last hour of NREM sleep (p = 0.88) but was significantly less steep in the last hour compared to the first hour in the "remaining" electrodes outside the focus (p = 0.048). The slope was significantly steeper in the epileptic "focus" compared to "remaining" electrodes in the first (p = 0.01) and the last (p < 0.001) hour of NREM sleep.
Slope after ESES remission
After ESES remission, the slope across all electrodes was significantly steeper in the first than the last hour of NREM sleep (mean 333.3, SD 16.4, CI 321.5-345.0 vs. mean 304.2, SD 9.4, CI 297.4-310.9; p < 0.001). In addition,, we observed that the slope in the former "focus" electrodes (p < 0.001) and in the "remaining" electrodes (p < 0.001) was significantly steeper in the first compared to the last hour of NREM sleep. The slope was not different between "focus" and "remaining" electrodes, neither in the first (p = 0.97) nor in the last hour (p = 0.59). Individually, all patients had a decline of slope across the night both in former "focus" and "remaining" electrodes ( Fig. 1) .
Comparison between active phase and remission
In the first hour of NREM-sleep, the slope across all electrodes was not different between active phase and after remission of ESES (p = 0.18). In contrast, in the last hour, the slope across all electrodes was less steep after ESES remission compared to active ESES (p = 0.003). Similarly, in the "remaining" electrodes, the slope was not different between the active phase and after remission of ESES during the first hour of NREM sleep (p = 0.29), and was less steep in the last hour of NREM sleep during the remission phase of ESES (p = 0.01) (Fig. 1) . In "focus" electrodes, the slope was less steep after remission in both the first and last hour of NREM sleep (p = 0.04, p < 0.001) (Fig. 1) . Neither age at the first assessment nor the time between the two measurements was significantly correlated with the differences in the slope between the active and the remission phase of ESES when investigating all electrodes and the "remaining" electrodes (all p > 0.05). For the "focus" electrodes, the time between the two measurements was significantly correlated with the slope difference between active and remission phase in the last hour of NREM sleep (r = À0.85, p = 0.002). In other words, the more time passed between the measurements, the more reduction of the slope between the two measurements. This was true for the last but not for the first hour of NREM sleep. In addition, the age at the first assessment was not significantly correlated with the difference in the slope in the "focus" electrodes between the active and remission phase of ESES. Next, we investigated whether the extent of overnight slope change differs between active ESES and after remission (i.e., the extent to which the slope reduces from the first to the last hour of NREM sleep). Compared to active ESES, we found a significantly larger overnight decrease in the mean slope across all electrodes after remission (mean À3.4, SD 5.4, CI À7.2 to 0.5 vs. mean À8.5, SD 4.1, CI À11.4 to À5.5 % relative overnight slope change, p = 0.03). Similarly, the relative overnight slope decline was larger after remission compared to active ESES both for "focus" and "remaining" electrodes (0. Fig. 2) . The difference in relative overnight slope change between active and remission phase of ESES was not correlated with age at the first assessment and time between the two assessments (all p > 0.05).
Comparison of patients after ESES remission with healthy controls
The relative mean slope decrease over all electrodes was not different between patients after remission (mean À8.5 [SD 4.1, CI À11.4 to À5.5] %) and controls (À10.7 [SD 4.3, CI À12.1 to À9.3] %, p = 0.14, Fig. 2 ). In controls, age at the assessment was correlated with the slope of the first hour (r = À0.64, p < 0.001) and the last hour (r = À0.42, p = 0.008). In patients, age at remission was correlated to the slope of the first hour (r = À0.78, p = 0.008) but not of the last hour (p > 0.05) of NREM sleep. Use of Fisher's r- Slope during active phase and after remission of ESES. The slope of slow waves at 75 lV during the first and the last hour of NREM sleep is plotted for EEG findings during active phase and after remission of ESES. Red circles represent slopes averaged across all "focus" electrodes for each patient. Blue circles represent the slopes averaged over the "remaining" electrodes outside the "focus" for each patient, and, big squares (red/blue) illustrate the group means. Significance levels are plotted only for within-subject comparisons for each EEG time-point (*p < 0.05, **p < 0.01, ***p < 0.001). In "focus" electrodes (red), slopes during active phase were significantly higher than after remission ( to-z transformation to compare the correlation coefficients revealed that the correlations were not different between the groups (all p > 0.05). The age at the assessment was related to the overnight slope change in controls (r = 0.35, p = 0.03). In patients after remission, this correlation was not significant (r = 0.57, p = 0.09). The positive correlation signifies that the overnight slope change becomes less negative with increasing age, that is, older participants show less overnight slope decrease. These correlations did not differ between the groups (p > 0.05).
Cognitive outcome and slope
The patients with the best cognitive outcome after ESES remission (3, 8, and 9) showed a slope decline across the night already during active ESES (mean À7.6%, range À13.8% to À3.3%) (Fig. 3) . In comparison, patients with minor neuropsychological sequelae (1, 4, 5, and 6) showed a mean slope decrease of only 2% (range À9.4% to +2.8%), and patients with most pronounced impairments (2, 7, and 10) showed a mean overnight slope decrease of 1% (range À5.8% to +3.2% increase) during active ESES. The overnight change of the slope after remission of ESES is similar in all three outcome groups ("normal outcome": mean À8.7 (range À13.8 to À6.1) %; "minor sequelae": mean À8.7 (range À14.7 to À1.5) %; "major sequelae": mean À7.8 (range À10.8 to À4.3) %).
Discussion
Our retrospective, longitudinal study on idiopathic ESES shows that the impaired overnight decline of the slope of SSW during active ESES renormalizes after remission ( Figs. 1 and 2 ). Our data point toward a potential relevance of a partially preserved overnight decline of the slope during active ESES for better long-term neuropsychological outcome.
Slope decreases after ESES remission
After having confirmed our previous findings, that is, no decline of the slope across the night during active ESES, 17, 18 here we show that after ESES remission, the slope decline in patients did not differ from that of healthy control subjects, indicating a recovery of the overnight change of the slope. This tendency to recover (i.e., more slope decline after remission compared to active ESES) was consistently seen in all but one patient (no. 8) who showed Of note, all but patient 8 showed more pronounced overnight decrease after remission of ESES. Group means AE SD (standard deviation) are provided as big circles/triangles. Negative overnight changes of the slope stand for overnight decrease, positive values for an increase. Thirty-nine healthy controls were compared to 10 patients within the same age range (p = 0.14). * p = 0.03. Epilepsia ILAE Figure 3 . Overnight change of the slope for different cognitive outcome groups. Cognitive outcome reflects cognitive functioning after remission of ESES. The relative overnight change of the slope during active phase of ESES (left) and after remission of ESES (right) is shown for the different cognitive outcome groups (green for "normal outcome," yellow for "minor sequelae," and orange for "major sequelae"). Mean values are provided as big squares; circles illustrate individual slope changes. Epilepsia ILAE the most pronounced decline during active ESES (Figs. 1 and 2) and had an overnight decline in the range of the other patients after ESES remission.
According to SHY, synaptic strength increases during wakefulness because of learning processes and decreases during sleep.
14 SSWs are essential to promote synaptic downscaling, the proposed function of which is to maintain synaptic homeostasis as well as to increase the signal-tonoise ratio within neuronal networks by eliminating the weakest synapses. Synaptic downscaling is thought to emphasize those neuronal traces that were most used during learning and is therefore proposed to be a mechanism for memory consolidation during sleep. 14 Based on SHY and in the view of ESES as SSW pathology as proposed by Tassinari and Rubboli, 7 synaptic downscaling, measured by the decline of the slope of SSW, should be hampered during active ESES and recover with ESES remission. Indeed, we found impaired slope decline during the active phase and recovery of slope decrease after remission.
Contribution of focus
In the "epileptic focus" electrodes, there was no slope decrease (on average) during active ESES, whereas after ESES remission, a slope decrease was observed. In the "remaining" electrodes, the mean slopes declined across the night already during active ESES. In both, "focus" and "remaining" electrodes, the slope decreased more after remission, pointing to a global improvement of the overnight course of the slope in both "focus" and "remaining" electrodes. Our data suggest that the impairment of the slope decrease associated with ESES is not only a focal but also a global problem. This is in accordance with the observation that neuropsychological deficits may be specific for cognitive domains associated with brain areas in the epileptic focus 29, 30 but are often more diffuse, 31 in this latter case possibly mediated by remote inhibition mechanisms. [32] [33] [34] Fluorodeoxyglucose positron emission tomography (FDG-PET) studies 32, 34 and EEG functional MRI (EEG-fMRI) data revealed increased metabolism in the epileptic focus linked to specific deficits and decreased metabolism in remote structures of the default mode network linked to more global deficits. [32] [33] [34] Another EEG-fMRI study 35 in ESES patients supported a spike-related deactivation of default mode network structures and a similar spike-related activation in all ESES patients irrespective of epileptic focus. Providing possible basic mechanisms for these inhibitory effects of spike waves, interictal epileptic spikes were found to result in a reduction of cellular spiking in the hippocampus in animal models of epilepsy. 36 As observed previously, 18 some patients showed a slope increase across the night during active ESES supporting the idea that spike waves may potentiate synapses 37 by "using" epileptic networks and thereby counteracting synaptic downscaling.
SSWs can turn into spike waves with increasing neuronal network synchrony. 38 In line with this, we found a higher slope-as a measure of network synchrony-in areas with epileptic spike waves than in other regions, both during the first and the last hour of NREM sleep, as reported in other studies. 10, 18 Contribution of age Various SSW parameters, for example, slope, 16 amplitude, 39 and density, 40 decrease in mid-childhood and puberty. Indeed, in our older participants the slopes were less steep. In addition, in the "focus" electrodes the slope during the last hour of NREM sleep decreased more from the active to the remission phase of ESES the longer the interval between these time points. As ESES patients grow older between the measurements, the slope reduction, thus, likely depends on ongoing brain maturation in addition to effects of ESES resolution. In contrast, the renormalization of the overnight slope change in ESES patients between the active and remission phase was likely driven by ESES resolution rather than by brain maturation: In the control group and in our patients when in remission, older age at assessment was related to less pronounced overnight slope change. However, the overnight slope change was more pronounced after ESES resolution compared to active ESES (despite that the patients grew older). This difference was neither related to age at the first assessment nor the time between the two assessments. Together, this provides evidence that the resolution of ESES underlies the renormalization of the overnight slope change in patients after ESES remission. Still, epileptic activity during active ESES may interfere with normal brain maturation, resulting in long-lasting neuropsychological deficits.
Slope and cognitive outcome
Explorative analyses of the association between slope changes during active ESES and after remission and cognitive sequelae after ESES remission showed that the three patients with the best neuropsychological outcome had at least some slope decrease even during active ESES, and had on average more slope decline than patients with worse outcome. Potentially, neuropsychological prognosis may be better in patients for whom slope decline at the time of most active ESES is partially preserved. After remission, the overnight change of slope was similar for the three cognitive outcome groups and not different from healthy children. Long-term cognitive outcome may therefore primarily depend on the degree of impairment of the overnight recovery process during active ESES. This points to an interference between spike waves during slow wave sleep and the beneficial functions of physiologic SSW for cognition. 14, 41 These exploratory analyses are a first step in relating SSW slope to cognitive outcome, and they require confirmation in future studies in larger cohorts using appropriate quantitative neuropsychological assessment.
Strengths and limitations
This longitudinal dataset including two overnight EEG studies of each patient (one during active ESES and one after remission) provided the unique opportunity to investigate the course of slope changes during ESES evolution. Because only patients without structural brain abnormalities were included and no relation between age and time between EEG measurements and overnight slope change was found, we may attribute our findings to the ESES condition itself.
Study limitations include the retrospective design and the relatively small number of patients. The rarity of ESES 42 and the common clinical practices that do not include monitoring of ESES evolution by overnight EEG make it difficult to assemble large cohorts of children investigated longitudinally with overnight EEG studies during the ESES course.
The SSW slope in the EEG was used as an EEG measure of network synchrony, as demonstrated in physiologic conditions. 12 We are aware that we analyzed EEG recordings with abundant spike waves. However, we believe that our methods, already published, 18 allow us to select SSWs comparable to physiologic ones, excluding those slow waves associated with spikes. This assumption was corroborated by finding a slope perturbation also in areas distant from the continuous spiking. Recently a disturbance of the slow wave homeostasis by spike waves during NREM sleep was found in patients with few spikes. Whether analyzing the EEG with or without the epochs with spikes, the results were similar. 10 An influence of the AEDs on our findings cannot be excluded. However, the treatment varied considerably among patients, increasing the heterogeneity of the sample and, consequently, the variance within the data, possibly rendering our findings rather robust and not merely driven by the AEDs. Three children took carbamazepine (patients 6, 7, and 9) and we were aware of the possible effect of this drug in precipitating or worsening ESES. Patient 6 was taking carbamazepine because it was the most effective drug for seizure control before, during, and after ESES. In the other two children (7 and 9), carbamazepine was introduced long before the onset of ESES. Therefore, triggering of ESES by carbamazepine seemed unlikely. Future studies should investigate whether and how AEDs affect the change in the SSW slope and how this may be related to cognitive outcome.
In our study, we included ESES children with an SWI lower than the 85% originally reported by Patry et al., 1 because it is now acknowledged that cognitive/behavioral derangement can occur in subjects with a lower SWI. 2 In fact, the crucial concept underlying the definition of ESES is the demonstration of a disruption of cognitive functions in relation to a strikingly increased (not rigidly delimited by a SWI threshold >85%) epileptic activity during sleep in the cortical areas involved in the disrupted cognitive processes. 2, 43 As our study suggests, SWI may not be the only parameter to be investigated in ESES, but evaluation of slow wave sleep regulation could be also relevant. Several epileptic syndromes in childhood can evolve to ESES, and indeed some of our children could be initially classified as benign epilepsy with centrotemporal spikes. However, all of them during the period with SES presented a clear encephalopathic picture consistent with ESES. In fact, the aim of our study was to investigate sleep homeostasis regulation during active ESES and how it recovered after ESES, regardless of the initial diagnosis. In the future, our findings should be tested in other forms of childhood epilepsies with a striking increase of paroxysmal abnormalities during NREM sleep and minor or apparently absent neuropsychological deficits.
In conclusion, our study provides evidence that impairment of the overnight decrease of SSW slope during active ESES is reversed when ESES resolves, and that the severity of neuropsychological outcome might be related to the extent of SSW impairment during ESES. These findings suggest that the cognitive improvement after ESES remission might be linked to recovery of the impaired slope decrease and that the analysis of NREM SSW might serve as a prognostic factor regarding cognitive outcome in ESES patients with possible therapeutic implications.
